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ABSTRACT: Graphene sensitization of glucose-imprinted polymer (G-IP)-
coated optical fiber has been introduced as a new biosensor for evanescent wave
trapping on the polymer optical fiber to detect low-level glucose. The developed
sensor operates based on the evanescent wave modulation principle. Full
characterization via atomic force microscopy (AFM), Fourier transform infrared
(FTIR) spectroscopy, X-ray diffraction (XRD), scanning electron microscopy
(SEM), Raman spectroscopy, high-resolution transmission electron microscopy
(HRTEM), and N2 adsorption/desorption of as-prepared G-IP-coated optical
fibers was experimentally tested. Accordingly, related operational parameters
such as roughness and diameter were optimized. Incorporating graphene into
the G-IP not only steadily promotes the electron transport between the fiber
surface and as-proposed G-IP but also significantly enhances the sensitivity by
acting as a carrier for immobilizing G-IP with specific imprinted cavities. The
sensor demonstrates a fast response time (5 s) and high sensitivity, selectivity, and stability, which cause a wide linear range (10−100
nM) and a low limit of detection (LOD = 2.54 nM). Experimental results indicate that the developed sensor facilitates online
monitoring and remote sensing of glucose in biological liquids and food samples.
1. INTRODUCTION
Glucose quantification is of great interest in medical, biological,
and food industries.1−4 In the context of healthcare and life
quality, consumption of food rich in carbohydrates becomes a
growing concern by gaining the status of diabetes development
in patients. Hence, to maintain and impede the development of
diabetes, people need to consume products of low calories or
non-nutritive sweeteners and sugar-free foods (0.5 g sugar per
serving).5 Therefore, low-level glucose detection based on an
inexpensive and sensitive sensor is of a huge commercial
healthcare significance and favor with a potential of direct
application in diverse matrixes. Detection of micro- and
millimolar glucose concentrations has been widely reported,
while a few types of sensors such as radio frequency resonator-
based integrated passive device,6 photometer based on metal
waveguide capillary,7 and photoelectrical detection using TiO2
nanowires with surface-functionalized glucose oxidase2 have
been developed as an effort to detect glucose at very low
levels.1,3,4,8,9 It is still highly desired to develop a new probe to
improve sensitivity, selectivity, and feasibility and to refine a
tedious process for active material preparation. Due to the
excellent features of sensitivity, selectivity, low cost, and
miniaturized sensing probes, electrochemical signal trans-
duction-coupled10,11 optical fiber sensors have been the center
of attention in the fields of physics, optics, and analytical
chemistry.12 Such innovative technology and mechanism have
been emerged to monitor and detect glucose in real time,
including sensors based on electrochemical signal trans-
duction10,11 and optical fiber sensors.12 Optical fibers have
been utilized in different categories of biosensors including
fluorescence, refraction, and absorption with the operating
principle of evanescent wave absorbance (EWA).12−15 In an
optical fiber transducer-based sensor, within the unclad region,
light leaks out from the core to the less dense medium (e.g.,
solutions), thus generating evanescent wave (EW) at the
interface of the core and the surrounding environment. The
amplitude of EW decreases exponentially from the core into
the aqueous solution sample, which represents the changes
corresponding to the analyte molecules adsorbed, adhered, or
bound to the chemically modified optical fiber surface.
Therefore, it is clear that improving the strength of EW within
the unclad region essentially affects achieving high sensitivities
and low detection limits; thus, research on the synergy
between absorbance or attenuation nanostructure layers and
optical fiber intrinsic properties has gained momentum. In the
past decade, enzyme-linked optical fiber was established to
develop a fast, sensitive, selective, and reliable detection device
for glucose concentration, while these biosensors suffer from
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instability, high cost, and complicated measurement proce-
dures involving enzyme immobilization and purification
steps.16 To overcome these limitations, a nonenzymatic and
selective technique of molecularly imprinted polymers (MIPs)
has been exploited as an artificial and tailor-made receptor with
high affinity and selectivity toward a specified target
molecule.17−19 This useful specification stems from the
presence of selective cavities with a three-dimensional (3D)
structure that matches in complementary shape, size, and
chemical functionality to target known as “imprinted” binding
sites.20,21 However, MIP functionality suffers from low optical
activity, medium surface area of MIPs, and their aggregation
and collapse stemming mainly from intramolecular interaction.
To overcome these limitations, the MIP growth on other
surfaces such as semiconductors,22 perovskites,23 and conduct-
ing polymers22,24 or their sensitization via organic and/or
inorganic quantum dots, noble-metal nanoparticles, and
graphene or graphene oxide as a carbon-based source is of
great interest.25−29 Supporting the properties of both MIP-
based materials by the aforementioned materials for providing
a larger surface area for the diffusion of reactants onto the
active sites enhances the adsorption performance. In graphene
quantum dots (GQDs) with two-dimensional (2D) layered
structures, unique features of zero rest mass of its charged
carriers, high solubility and dispersibility, as well as higher
carrier mobility have been exploited to improve the optical
activity and surface of polymeric-based MIPs.25−27 Incorpo-
ration of GQDs enlarges electron transfers and surface area of
MIPs, leading to an intensified sensitivity as well as introducing
a nonenzymatic selective sensing layer.30 Moreover, graphene
in dot size can be impregnated into the polymeric network of
the proposed MIP during the polymerization process. In this
case, acrylic acid (AA) monomer can be interacted and grown
on COOH and OH groups of GQD by covalent and H bonds.
The latest work on enzyme-based optical fiber sensors
coated with a carbon quantum dot−glucose oxidase/cellulose
acetate complex sensitive film has been reported in the
nanomolar range of 10−100 nM.31 Therefore, in the present
study, a simple and rapid optical sensing method was
developed to prepare a GQD-sensitized molecularly imprinted
polymer and subsequently coated on evanescent wave optical
fiber as a new biosensor for trace-level detection of glucose as a
target molecule. The used GQD was coupled with nanosheets,
which were synthesized from natural coal through some simple
treatments of chemical oxidation and centrifugation, reported
in our previous work.32 Operational parameters, fiber
diameters, different surface roughness, and sensing perform-
ance experiments were compared to find the optimized
condition.
2. EXPERIMENTAL METHODS
2.1. Materials and Apparatuses. Ethylene glycol
dimethacrylate (EGDMA), acrylic acid (AA), dimethyl
sulfoxide (DMSO), 2,2′-azo-bis-isobutyronitrile (AIBN),
glucose, and N-methy1-2-pyrrolidone (NMP) were purchased
from Merck Company (Darmstadt, Germany) and used
without any further purification. Fourier transform infrared
(FTIR) spectra were recorded in the 400−4000 cm−1 range
with a PerkinElmer UATR Two spectrometer according to the
KBr pellet technique by mixing about 1 mg of the sample and
100 mg of KBr. Atomic force microscopy (AFM) image of the
optical fiber surface was achieved using an Alpha 300 (Wintec,
Germany). The surface morphology of the as-prepared
functionalizing powders was studied by a scanning electron
microscope (SEM, ZEISS Sigma A = SE2, Germany). Nitrogen
adsorption analysis of Brunauer−Emmett−Teller (BET) was
carried out using Belsorp mini Π, Japan.
2.2. Materials Preparation. The proposed glucose-
imprinted polymer (G-IP) in the presence and absence of
GQDs was prepared as follows: 170 μL of functional monomer
(AA) and 0.5 mmol (0.09 g) of glucose were dissolved in 10
mL of DMSO and stirred for 1 h. Then, 1.5 mL of EGDMA
and 0.008 g of AIBN were added to the above dispersion under
nitrogen purging for 10 min to remove dissolved oxygen. Then,
the obtained mixture was heated to 60 °C for 24 h for AIBN
initiator activation and starting polymerization. Finally, the
obtained bulk polymers were ground and washed two times by
water and methanol to remove any nonpolymerized monomers
and DMSO, while template removal was conducted using
Soxhlet extraction with methanol/acetic acid (7:3) three times
(each time 16 h). Additionally, a nonimprinted polymer (NIP)
was synthesized using the same procedure without glucose as
template molecules. For comparison, G-IP in the absence of
GQDs was synthesized similar to the above procedure and 0.8
g of GQDs was added. All steps for materials preparation are
illustrated in Scheme 1.
2.3. Preparation of Sensing Probe and Experimental
Evanescent Wave-Based Setup. Different core diameters of
Scheme 1. Schematic Diagrams of the GQDs−G-IP Synthesis Procedure1
1Inset shows photographs of GQDs−G-IP and G-IP
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the multimode plastic-optical fiber (1.0, 0.75, and 0.50 mm)
were used, and the protective sleeve of the bare the fibers was
removed mechanically via a fiber stripper of a fiber length 1.4
cm length; then, this segment as the sensing region was unclad
mechanically by a homemade machine (Figure 1b). In this
step, the final surface of the optical fiber was polished via
several sandpapers to reach different roughnesses. The unclad
portion of the fiber was rinsed in double-distilled water two
times. To coat the sensing segment on optical fiber, a mixture
of the synthesized powders was prepared as follows: 0.015 g of
NIP (G-IP, GQDs−G-IP) and 2 mL of NMP were mixed at
room temperature for 12 h. Then, 0.005 g of poly(vinylidene
difluoride) (PVDF) was added to the mixture and dispersed in
an ultrasonic bath for 30 min. After that, the as-prepared
mixture was drop-cast four times the unclad portion of the
fiber and activated at 45 °C for 10 min (see Figure 1c).33 A
white-light source lamp (MBB1L3 M00465970, Thorlabs Co.)
was used to launch a broad-band light to one terminal end of
the fiber in the visible region. The other terminal end of the
fiber was connected to a fiber-optic spectrometer
(HR4000CG-UV-NIR from Ocean Optics, Florida) or an
optical power meter (Thorlabs Co.). A transparent capillary
tube was used as a cell, in which fiber was fixed with ultraviolet
(UV) glue in the two ends of the tube. Thereby, the
experimental arrangement used for glucose sensing is
illustrated in Figure 1a, showing the two ends of the sensing
probe attached to the light source and detector to record
absorbance and attenuation of the evanescent wave with the
help of a computer interfaced with the spectrometer. The
unclad segment of the fiber was fixed in a cell enabled to
deliver and remove background water and also glucose
solution. Each measurement of 1.2 mL of analyte solution by
a very soft syringe was poured into the cell, and real-time
intensity changes were recorded.
3. RESULTS AND DISCUSSION
3.1. Material Characterizations. In our previous work,
we managed to prepare biocompatible nitrogen-doped GQDs
using simple treatments of chemical oxidation and centrifuga-
tion separation method.32 The versatility of the prepared
samples as sensitizing agents for glucose-imprinted polymer
was developed, and polymer optical fiber was coated as well as
its ability to detect low-level concentration of glucose was
established. The transparency observed in the HRTEM images
(Figure 2a,b) indicates the few-layered structure and good
dispersion of two-dimensional graphene layers or sheets. Some
other segments show obvious quantum-dot-coupled and
wrinkled structures with some compact folds that denote
aggregations of graphene layers. In the Raman spectrum
(Figure 2c), obvious bands are located around 1590 and 1383
cm−1, which were generally assigned as the D band and G
band, representing the structural defects and vibration of sp2-
hybridized graphitic domains, respectively.
3.1.1. Surface Morphology. The surface morphologies of
NIP, G-IP, and GQDs−G-IP were analyzed by field emission
scanning electron microscopy (FESEM) (Figure 3), which
shows a uniform semispherical polymeric porous structure with
rough surfaces and agglomerated portion. Compared to the
morphology of the G-IP particles, the GQDs−G-IP showed
more pores and roughness, while NIP exhibited a different
morphology with a smooth spherical shape. The formation of
cavities for GQDs−G-IP implying the successful combination
of G-IP- and GQD-coupled nanosheets can lead to a high
surface area and an increase in the functionality of the optical
property. GQD due to its dispersibility and solubility was well
impregnated in the MIP structure and inhabited from the
collapse and agglomeration of MIP. However, the intermo-
lecular interaction in the absence of GQD causes the
aggregation of MIP layers.
3.1.2. FTIR Analysis. FTIR spectroscopy was carried out to
specify the functional groups in the as-prepared samples before
and after the glucose extraction step (see Figure 4). As shown,
in the GQDs FTIR spectrum, the peak at 1628 cm−1 was
attributed to the stretching vibration of CO groups. Also,
the absorption corresponded to symmetric stretching vibration
at ∼ 1445 cm−1 and COO− antisymmetric stretching vibration
Figure 1. (a) Experimental evanescent wave-based setup with the
images of the evanescent wave in the sensing region and drop-casting
technique for coating the unclad region; (b) the emerged evanescent
wave in the unclad region of optical fiber; and (c) the drop-casting of
G-IP on the optical fiber.
Figure 2. HRTEM images in different magnifications (a, b) and Raman spectra of the as-synthesized of nitrogen-doped GQD-coupled nanosheets
(c), taken from ref 32.
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at 3443 cm−1. In G-IP and NIP, a wide vibration absorbance
occurs in the region of 1700−1750 cm−1, which is related to
the stretching mode of the CO groups in EGDMA and AA,
while in GQDs−G-IP, due to the chemical interaction between
GQDs and G-IP, the corresponding CO peak shifted to a
lower wavenumber. In addition, the C−H stretching peak was
also observed at around 2932 cm−1, which can be attributed to
the presence of the methylene group in both AA and EGDMA
of G-IP, NIP, and GQDs−G-IP. The related glucose peaks in
GQDs−G-IP and G-IP were of low intensity at NIP, and even
some of the peaks were destroyed, which confirmed the
successful preparation of the proposed samples.
3.1.3. BET Analysis. Brunauer−Emmett−Teller (BET)
surface area and Barrett−Joyner−Halenda (BJH) pore size
and volume analysis were further investigated (Figure 5),
which confirm the formation of H2 pore structure and type IV
isotherm for all as-prepared materials. The specific surface
areas of 98.478, 118.87, and 130.23 m2/g were obtained for
NIP, G-IP, and GQDs−G-IP, respectively. The pore size of the
samples with a mesoporous structure was obtained in the range
of 2−5 nm.34 Thus, it is obvious that GQDs−G-IP showed the
largest BET surface area, pore volume, and pore size due to the
existence of graphene nanosheets and its effect on the polymer
growth and homogenization of its structure and density surface
of a porous structure.10 Generally, a higher total pore volume
of GQDs−G-IP causes a higher sample loading capacity and
Figure 3. FESEM images of NIP (a, b), G-IP (c, d), and GQDs−G-IP (e, f) in two magnifications.
Figure 4. FTIR spectra of the as-prepared samples.
Figure 5. N2 adsorption−desorption for (a) NIP, (b) G-IP, and (c) GQDs−G-IP samples.
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promotes mass transfer between the GQDs−G-IP particles and
analyte solution.
3.2. Spectroscopic Investigation of the Sensing
Probe. To evaluate the practical applicability of this sensing
probe, effects of operational parameters including spectral
transmission, surface roughness of the etched optical fiber, and
temperature were investigated on sensor performance. Three
main procedures were considered and done during each test;
first, to carry out reliable glucose tests by eliminating the
impact of background water on the sensitivity, in each
measurement, the glucose solution was added to the optical
fiber immersed in the background DI water, so the light
variation encountered under this act was recorded according to
the underlying concept of sensitivity. Moreover, only one
sensing probe was experimentally studied under the whole
glucose solution ranging from 10 to 2000 nM by successive
measurement to check the sensing performance. Third, in the
present work, after each measurement, DI water was poured
into the flow cell, and after 10 min waiting time, the adsorbed
glucose was removed and washed from the functionalized
coating layer.
The proposed sensor operates based on the intensity
modulation, which modifies the evanescent field scattered
within the sensing region. As the refractive index (RI) of the
surrounding environment increases (by immersing the fiber
from air in distilled water), the coating layer was reacted with
water molecules. Consequently, the RI of the active cladding
changes due to the physically and chemically adsorbed water
molecules on the surface of the coating layer. Since the
evanescent wave within active clad is responsible for a reaction
between the sensing probe and the surrounding environment,
it would be manipulated according to the RI changes, and so,
the alteration in the evanescent wave affects the output light
intensity. The transmitted optical power spectra of the bare
NIP-, G-IP-, and GQDs−G-IP-coated optical fiber as sensing
probes were immersed in air and background solution DI
water, and the spectral responses were compared over the
visible light range. The bare fiber indicated a reverse behavior
of increasing intensity in comparison to the functionalized
sensing probes representing decreasing intensity, as shown in
Figures 6 and 7, under dry and wet environment conditions.
The dynamic responses of NIP-, GIP-, and GQDs−G-IP-
coated optical fibers are illustrated in Figure 7, with a similar
behavior of shifting down of spectrum indicating an
appreciable loss in transmitted light intensity. Indeed, in the
case of bare optical fiber, a water environment with RI of 1.3
(more than that of air) as a closer RI to the core of fiber acts as
a cladding and thereby permits stronger light guides through
the fiber, so the output light intensity increased. In other
words, once the bare fiber was dipped in water, in the sensing
region, the RI difference between the core and the ambient
environment decreases, leading to less leakage and attenuation
of light. However, for the functionalized optical fiber probes,
the evanescent wave increases due to the more leakage and
scattering of light within the sensing region in the wet active
clad. From the spectra of sensor response (inset of Figure 7), it
can be seen that the highest intensity variation emerged at the
wavelength of 578 nm with the maximum intensity and so the
following sensor measurements were performed at this
particular wavelength.
In the current study, the capability of high RI coating layers
to induce RI contrast in the sensing region was investigated
numerically. We have conducted a 2D analysis of the mode
structure and the electromagnetic field modes along the
transverse plane of an unclad polymer fiber using the mode
analysis utilities of finite-element analysis-based software. The
simulation wavelength was set to 570 nm (as used in Section
2); the square blue area represents the glucose sensing
environment including optical fiber and surrounding glucose
solution, and the outer edge of the fiber is separated by a layer
of G-IM or GQDs−G-IP. The optical parameter RI of polymer
optical fiber (POF) (poly(methyl methacrylate)), G-IP (based
on acrylic acid polymers), GQDs−G-IP, and glucose solution
was set to 1.49, 1.508, 2.3 + 1.27i and 1.34,35 respectively, to
numerically simulate effective indices modal and intensity
patterns. As the thickness of G-IP and GQDs−G-IP is very
thin, about less than 10 μm (Figure S1, relative to the optical
fiber diameter), and more emphasis was given to the RI
parameter to trap the evanescent field, it is reasonable to
neglect the effect of the sensing coated layers in the analysis
and to focus on the mode distribution of the modes within the
core and sensing region. The electric field norm distribution of
Figure 6. Time response curves of bare optical fiber (1 mm diameter)
(the inset shows the transmitted light spectrum once it immersed in
water).
Figure 7. Time response curves of NIP-, G-IP-, and GQDs−G-IP-
coated optical fibers (the inset shows the transmitted light spectrum
of the G-IP-coated optical fiber under dry and wet conditions).
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the fundamental modes within the proposed layer-coated fiber
is demonstrated for the cross-sectional view of the bare and
sensing layer-coated fibers for various effective RIs in Figures 8
and 9. It can be inferred from the plot that the effective IR for
the bare optical fiber is appreciably distinct as 1.49 and 1.332
related to the core and surrounding environment, respectively.
This numerical analysis shows that the fundamental modes of
bare optical fiber can be well bound in the core region with the
exact RI of 1.49, while the outer region pattern of modes is
quite separated from the interface surface, as shown in Figure
8a−c. The impact of the RI of the coated layer is notable,
which can be observed clearly in Figure 8d,h,I. The observed
light in the unclad region of fiber would reduce from bare to
the high RI layer-coated fibers.
Moreover, it is clear from comparing the figures that the
energy of the cladding mode is more concentrated in a position
near the core in the case of the G-IP and GQDs−G-IP-coated
fibers (Figure 8f,j) than in the case of the bare fiber (Figures 8b
and 9a). The G-IP cladding on the outside of the unclad fiber
forms a high RI ring so that the energy of the high-order
cladding mode is concentrated in the vicinity of the coated
layer, which is acting as the sensing layer, as shown in Figures
9b and S2, giving rise to the stronger evanescent wave and
higher detecting features of the sensor. This layer supports not
only optical modes confined in the boundary between the core
and the coated layer but also some optical modes guided by
the core due to the high index of refraction originating from
light trapping introduced as evanescent wave (in the line
graphs of Figure 9b).
4. RESULTS OF SENSING RESPONSE EXPERIMENTS
AND DISCUSSION
The evanescent field strength can depend on some
determining factors like input light intensity as well as
specifications including diameter size and surface roughness
of the optical fiber. So, to effectively calibrate and assess the
sensing performance, the normalized response (NR) and
sensitivity (S) were, respectively, determined by NR = (Iout −
Iin)/Iin × 100% and S = ΔNR/ΔGC, where Iin is the launched
light intensity into the optical fiber, Iout is the intensity of the
Figure 8. Surface diagram of the electric field norm distribution of the modes of the clad-removed bare fiber (a−d), G-IP-coated fiber (e−h), and
the proposed GQDs−G-IP-coated fiber (i−l).
Figure 9. Line graph of evanescent wave leakages from the core into the surrounding environment interface from the bare (a) and coated optical
fiber (b).
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output light transmitted through optical fiber at every glucose
concentration, ΔNR is the relative variation in the transmitted
light intensity for the sensor, and ΔGC is the change of glucose
concentration. Although the surface roughness effects in the
sensing region on the sensitivity of the evanescent wave-based
optical fiber sensor have been investigated,36,37 the contribu-
tion of this effect with the G-IP coating to the sensitivity has
not been checked. Herein, to investigate the effect of optical
fiber surface roughness on the sensing performance, three G-
IP-coated optical fibers with different roughness were
prepared.
As illustrated in Figure 10, the fibers were surface-scanned
over 5 μm × 5 μm for the samples polished with 1000, 1500,
and 2000 grit sandpaper. 3D AFM images (see Figure 10)
indicate that rougher sandpaper resulted in a surface with
higher roughness. For the characterization of the prepared
probes fixed in the flow cell, the variation of light intensity as a
function of concentrations of glucose solution was recorded.
To this aim, glucose solutions with different concentrations
Figure 10. AFM analysis for showing the roughness of optical fiber surfaces polished with (a) 1000, (b) 1500, and (c) 2000 grit sandpaper.
Figure 11. Sensing performance experiments of G-IP in different roughnesses of optical fiber surfaces polished with 1000, 1500, and 2000 grit
sandpaper (a) and GQDs−G-IP−POF in different fiber diameters of 0.5 mm (b), 0.75 mm (c), and 1.0 mm (d).
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ranging from 0 to 30 μM were prepared and poured into the
flow cell successively at room temperature. Note that every
intensity was recorded after only 5 s of pouring the solution by
a very soft tip syringe to control the volume accompanied by
diminishing the pressure on the measurement, as we then
represent this time as a response time of sensing probes. The
performance of the as-prepared sensors with different surface
roughnesses of optical fiber with a diameter of 1 mm for the
detection of glucose solutions is shown in Figure 9. The
experimental competitive studies clearly present the effect of
surface roughness on the output light intensity and sensitivity
response.38,39
Consequently, the variation of transmitted light intensity of
the coated POF is significantly affected by the attenuation of
evanescent waves intensity manipulated by surface roughness
in the sensing region. Note that the rest of our measurement
was carried out with etched optical fibers with 2000 grit
sandpaper. The other point of concern was the percentage of
etching diameter of optical fiber; 40% was applied for all
different diameters of optical fiber, as reported in our previous
work, introducing the optimized power efficiency of the
geometric-based features.32
After optimizing the surface roughness of the optical fiber,
for the characterization of the effects of functionalized coatings
accompanied by that of optical fiber diameter, various
fabricated probes were fixed into the flow cell, as illustrated
in the experimental setup (see Figure 1). The light intensity
variation of NIP-, G-IG-, and GQDs−G-IP-coated POFs with
various diameters of 0.5, 0.75, and 1 mm is displayed and
compared in Figure 11b−d versus different concentrations of
glucose solutions. This result implies that the output light
intensity of all fibers coated with active layers increased with
increasing glucose concentration. This is because, as the
concentration of glucose increases in the solution, the RI
difference between the coated fibers and glucose solution
decreases.32 Moreover, the attenuation of the evanescent wave
Figure 12. Effect of different optical fiber diameters of 0.5 mm (a), 0.75 mm (b), and 1.0 mm (c) on the sensing performance of probe within the
trace-level detection of glucose.
Figure 13. Variation in normalized transmitted power in the case of GQDs−G-IP-coated POF with time during the presence and absence of
glucose solution in the flow cell.
Figure 14. Selectivity of the GQDs−G-IP-coated POF toward
glucose, urea, doxycycline, ampicillin, rivastigmine, and ampibactam.
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caused by leakage, scattering, and refraction of the light at the
sensing region decreased, thereby indicating lower light
absorption of coating layers upon exposure to increasing
glucose concentration.
Once the sensor probe was immersed in the tested glucose
solution, the GQDs−G-IP layer recognized glucose due to the
complementary shape and size. The experimental sensing
comparison tests by NIP and G-IP (Figure 11b−d) show that
the number of binding active sites can be controlled by the
glucose molecules in G-IP and GQDs−G-IP, while due to the
lack of active sites, an appreciable and clear trend could not be
observed for NIP. Compared to the NIP and G-IP
functionalization, a considerable intensity variation caused by
GQDs−G-IP in the local microenvironment sensing region
was observed due to exploiting graphene in the G-IP, leading
to the enhancement of sensing performance. This improve-
ment is attributed to the unique properties of GQDs−G-IP
such as high electron transfer rate and high optical trans-
parency, which lead to strong light and electron transmission
to the interface between the core of the fiber to the coating
layer. Furthermore, with an increase in concentration, the site
availability decreases, showing a plateau in the light intensity
variation as a saturating behavior at the higher concentration.40
The template molecule recognition by the binding sites of
GQDs−G-IP-coated POFs with three different diameters of
0.5, 0.75, and 1.0 mm was compared in more detail (Figure
12). In the low concentration range of 10−100 nM, the
GQDs−G-IP-coated POFs with 0.75 and 1.0 mm diameters
exhibit nearly similar linear sensing response against glucose
concentration. The range of sensitivity and its value are closely
related to the coverage area of the sensing region and the
number of active sites of MIP. Because the fiber with a larger
diameter provides more reactive support for GQDs−G-IP
coating and subsequently changes interaction, sensitivity and
repeatability were increased. Moreover, it renders more intense
light in the sensing region, which leads to the enhanced
manipulation of light variation corresponding to the binding of
the glucose molecule as well as increase of R2 and sensitivity.
The inter and intraday repeatability of the as-prepared
GQDs−G-IP−POF sensor was investigated in 50 nM glucose
five times. The relative standard deviation (RSD%) was as low
as 0.0377 and 3.77% for entering day and intraday,
respectively. Also, the reproducibility test was conducted for
five sensors at 50 nM glucose concentration, and the RSD %
was found to be 0.0476 for the GQDs−G-IP−POF sensor.
After 60 days, the GQDs−G-IP−POF response remained 98%,
which confirmed and validated the outstanding repeatability
and stability of the proposed GQDs−G-IP−POF sensor. The
estimated response time is a few seconds (around 5 s), as
shown in Figure 13a, which is the duration of observing the
light intensity variation for the two steps of background DI
water and glucose solution into the flow cell. Achievement of
successive measurement requires that the outlet be opened and
exposed the probe to the DI water to fully wash and recovered
back to its stable reference intensity. The reusability of the
sensing probes was determined by successive measurements on
GQDs−G-IP-coated POF with different nanomolar glucose
concentrations (with nearly 10 min rest between each
measurement). The obtained results of sensing experiments
and the short response time exploiting only one sensing probe
in the flow cell signify usability toward real-time low
concentration detection with continuous usage. Furthermore,
94% of the initial response of the prepared GQDs−G-IP-
coated POF sensor was maintained even after 9 weeks, which
indicates that the proposed sensor possesses good reproduci-
bility and stability adding up to its high sensitivity in a trace
level of glucose concentration.
The high selectivity of the sensing probe is an advantage for
the analyte and is also a defining characteristic of exploiting the
molecular imprinting technique. To assess the as-prepared
probe selectivity, experiments were also performed on the NIP-
and G-IP-coated POF probes for glucose detection in the
presence of urea, doxycycline, ampicillin, rivastigmine, and
ampibactam at 50 nM concentration (Figure 14). Since the
glucose concentration in physiological fluids is ∼10 times
higher than that of saccharides, namely, fructose, mannose,
maltose, galactose, sucrose, lactose, and xylose, the mentioned
interfering substances do not interfere with glucose detection.
Thus, we proposed other applicable and size similarity
compounds, which can be applied for the detection of glucose
in water samples. It can be concluded that the binding sites
prepared in the G-IP layer were complementary to the shape
and size of only glucose molecules. The imprinting factor (IF),
which expresses the ratio of the sensor response of the target
under specific-to-nonspecific binding (IF = RIMIP/RINIP), was
investigated as an important parameter in evaluating the
effectiveness of the imprinting process (Figure 14). The high
IF values demonstrate the outstanding selectivity of this
prepared sensor, which can be mainly due to shape
identification and electrostatic polymer structure.41
The limit of detection (LOD) and limit of quantification
(LOQ) of the as-prepared sensor probes, which represent the
detectable amount of near-zero analyte concentration, were
calculated based on 3Sb/slope and 10Sb/slope (Sb is the
standard deviation of the blank samples), respectively. The
LOD was found to be 2.784 and 5.3 nM for GQDs−G-IP- and
G-IP-coated POF with a diameter of 1 mm, respectively. To
clarify the improvement of the low concentration of glucose
detection, the LODs of the various sensors are listed and
compared in Table 1. This summarized list exhibits the least
value of LOD as well as a very short response time of our
proposed glucose sensor over other fiber sensors, which makes
the proposed real-time sensor advantageous to others.
Table 1. Comparison of Enzymatic and Nonenzymatic Glucose Sensor Performance
technique method sensing layer linear range (mM) limit of detection (μM) references
nonenzymatic/Cu electrode Cu nanowires 0.0004−2 0.049 42
GOx (enzymatic)/electrocatalysis polyphenanthroline 0.05−4 50 43
nonenzymatic CuO nanoneedle/graphene/carbon 5.3 0.10 44
nonenzymatic/electrochemical GO-MIP 0.01−6 0.02 45
enzymatic/fiber grating GO 0−8 46
noninvasive method of collecting transdermal glucose glucose binding protein (GBP) 0.004−0.02 2 47
nonenzymatic evanescent wave GQDs−G-IP 10−100 nM 0.00278 this work
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5. CONCLUSIONS
Integrating the advantages of natural-sourced GQD nano-
sheets, molecular imprinting polymer, and large-core polymer
optical fibers, we prepared a GQDs−G-IP-sensitive probe for
glucose detection. Incorporating GQDs into the G-IP matrix
manifests typical rapid response to glucose, exhibiting not only
comparable performances to previously reported sensors but
also high selectivity, repeatability, and ability for continuous
real-time glucose detection. It is believed that the fabrication of
this biosensor could promote the development of a fiber-optic
glucose sensor. Since linear response range was still restricted
due to the small volume of the sensing region, we will focus on
the optimization of the optical fiber sensing range performance
through the improvement of surface area and porous
properties of the sensing MIP layer.
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